Abstract-Moored buoys have long served national interests, but incur high development, construction, installation, and maintenance costs. Buoys which drift off-location can pose hazards to mariners, and in coastal waters may cause environmental damage. Moreover, retrieval, repair and replacement of drifting buoys may be delayed when data would be most useful. Such gaps in coastal buoy data can pose a threat to national security by reducing maritime domain awareness. The concept of self-positioning buoys has been advanced to reduce installation cost by eliminating mooring hardware. We here describe technology for operation of reduced cost self-positioning buoys which can be used in coastal or oceanic waters. The ASC SCOUT model is based on a selfpropelled, GPS-positioned, autonomous surface craft that can be pre-programmed, autonomous, or directed in real time. Each vessel can communicate wirelessly with deployment vessels and other similar buoys directly or via satellite. Engineering options for short or longer term power requirements are considered, in addition to future options for improved energy delivery systems. Methods of reducing buoy drift and positionmaintaining energy requirements for self-locating buoys are also discussed, based on the potential of incorporating traditional maritime solutions to these problems. We here include discussion of the advanced Delay Tolerant Networking (DTN) communications draft protocol which offers improved wireless communication capabilities underwater, to adjacent vessels, and to satellites. DTN is particularly adapted for noisy or loss-prone environments, thus it improves reliability. In addition to existing buoy communication via commercial satellites, a growing network of small satellites known as PICOSATs can be readily adapted to provide low-cost communications nodes for buoys. Coordination with planned vessel Automated Identification Systems (AIS) and International Maritime Organization standards for buoy and vessel notification systems are reviewed and the legal framework for deployment of autonomous surface vessels is considered.
I. INTRODUCTION
A range of applications exist for devices which can augment functions provided by traditional moored oceanographic buoys.
Recently developed station keeping autonomous buoy platforms may be particularly useful for situations where rapid buoy platform deployment is required [1] , [2] . Other justifications for self-positioning buoys include increased mobility of these platforms, dynamic network capability (i.e. the ability to interact with each other in response to ambient conditions or directives), and reducing deployment and maintenance costs. The SCOUT Autonomous Surface Craft (ASC) " Fig. 1 " recently developed at MIT has successfully conducted field demonstrations of the hardware necessary for controlled propulsion and navigation essential for a station-keeping buoy [3] , [4] . In addition, the open source MOOS software suite employed on SCOUT has been used with both autonomous underwater vehicles and autonomous surface craft in a wide variety of applications, including station keeping tasks [5] . The addition of oceanographic, meteorological or other sensors would allow SCOUT to remain un-tethered while performing the functions of a moored buoy. Long range energy efficient radio communications hardware would allow the SCOUT to transmit data to a land, ship or satellite-based data collection nodes. The inherent mobility of such a platform would allow for dynamic re-positioning.
Among the advantages gained by deploying an autonomous station-keeping buoy " Fig. 2 ," is the ability to track mobile or episodic events. Also, multiple buoys can be self-directed to form a network providing regional coverage or to establish and maintain perimeters. Due to the network infrastructure, individual robots empowered only to detect and/or monitor a relatively narrow physical space can thus be more effective as part of a larger awareness domain. Use of multiple selfpositioning vessels thus leverages individual assets in a collaborative fashion to produce surveillance results not achieved as effectively by even a large population of stationary and solitary sentinels.
Deployment of multiple un-tethered self-positioning vessels in conjunction with traditional moored buoys may offer another potentially useful operational scenario. Moored buoys offer certain advantages over their un-tethered counterparts, including: the ability to ride out rough weather with minimal expended energy, larger power storage capacity, reliable communications to and from land-based stations, and the elimination of sophisticated navigation and control software. These advantages weigh in against drawbacks including: fabrication and maintenance costs, deployment costs, limited effective sensor range, and the potential for entanglement and/or loss due to weather and collisions. However, let us consider a hybrid approach whereby we deploy a single moored buoy which can dock with multiple low-cost highly mobile vehicles with position-keeping capabilities. The docking buoy could provide adequate power for recharging the mobile assets, act as a relay station with increased power for increased wireless range, and permit the potentially more vulnerable mobile assets to dock and maintain position during inclement weather without expending significant energy. The hybrid moored buoy/mobile platform approach might prove itself most valuable in areas where oceanographic, biological or manmade events occur with some unpredictable frequency over a variable spatial region. Such events include coastal freshwater runoff and upwelling events, both of which may disperse unpredictably. In such areas a moored docking buoy could be outfitted with several autonomous mobile buoys which perform routine patrols to detect initiation of plumes associated with events. Upon detection, additional mobile buoys could be launched to assist in mapping and characterization of the phenomenon. This arrangement is similar to the concept of a small scale ocean observatory outfitted with multiple autonomous surface craft as depicted in " Fig. 3 ". The ASC SCOUT self-propelled autonomous surface vehicle developed at MIT [3] , [4] employs an electric trolling motor for propulsion, and sealed lead-acid batteries for power storage. Autonomous control is provided through a custombuilt single board computer with communications to shore handled through an RF Modem or standard 802.11 wireless Ethernet architecture. Standard R/C control allows for local remote maneuvering and operation. To date, ten SCOUT vehicles have been operated in lakes and oceans for applications including mine detection, collaborative behavior studies, collision avoidance testing, acoustic communications, and AUV positioning. Design iterations to the original vehicle have produced a more robust electrical infrastructure, longer range radio communication capability, higher operating speeds, and more extensive payload capability.
The current ASC SCOUT vehicle stores power in a bank of AGM (Absorbed Glass Mat) batteries selected for low cost and availability. This bank is rated at approximately 10OAmp-hours, which satisfied design intentions of operating at 3 knots for 8 [6] , [7] and reliable communication are integral to the success of station keeping buoys operating autonomously in open water [8] . An [10] , [11] . Construction and launching of small satellites has become an active part of graduate courses in more than a dozen countries [12] ; current databases at http://centaur.sstl.co.uk/SSHP/micro/index.html and http: centaur.sstl.co.uk/SSHP/nano/index.html. Whereas relatively inexpensive commercially available kits for constructing small communication satellites are now available (see http://www.pumpkininc.com), and mechanisms are in place to coordinate launch logistics as ancillary payloads on commercial satellite launch vehicles, their use is likely to increase. In the near future, deployment of these satellites with improved batteries will lengthen the lifetime of these satellites from the current endurance of one to several years to decades.
Once launched these small satellites provide free satellite communications.
In the current store-and-forward configuration, the satellites transmit only when over a ground station and the communication rate of these satellites is limited by their onboard data storage. Soon, however, improved communication methods will allow communication of data between these small satellites, facilitating so-called 'bent pipe' data transmission whereby data is communicated from one satellite to another which can transmit to a ground receiving station. In the bent-pipe configuration bandwidth is limited not by storage on the satellite, but rather by the communication channel capacity, and, importantly there is a reduction in communications latency, which is important for operational control of vessels in near-real time. As DTNbased communications become increasingly used on these small satellites, and data communications between satellites becomes more commonplace, they will provide useful links for data communications for autonomous surface craft.
C. Automatic Vessel Identification System (AIS)
Increased need for rapid, complete port and harbor security has led to a plan for enhanced development of the so-called maritime vessel Automatic Identification System (AIS). The system under development uses a local VHF network to provide shore stations the ability to exchange low bandwidth messages with vessels approaching a port to confirm information on position and security-related data.
AIS has recently been extended to include communications not only for manned vessels, but for moored buoys and selfpositioning autonomous vessels as well. This allows these vessels to operate in full accordance with established legal requirements for maritime vessels. AIS "Fig. 4 ". Lastly, autonomous docking and alternative power systems are being explored as components for future development. 
